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Pachytene Exit Controlled by Reversal
of Mek1-Dependent Phosphorylation
chromosomes fail to synapse and recombination inter-
mediates remain unresolved (Sym et al., 1993; Storlazzi
et al., 1996; Xu et al., 1997). Other mutants that undergo
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Several components of the pachytene checkpoint
have been identified. A number of proteins that function
Summary in the DNA damage checkpoint, such as Rad17, Rad24,
Mec1, Ddc1, and Mec3, also function in the pachytene
During yeast meiosis, a checkpoint prevents exit from checkpoint (Lydall et al., 1996; San-Segundo and Roeder,
pachytene in response to defects in meiotic recombi- 1999; A. Hudson and G. S. R., unpublished data). Check-
nation and chromosome synapsis. This pachytene point function also requires the meiosis-specific Pch2
checkpoint requires two meiotic chromosomal pro- protein, and the Sir2 protein, which is involved in chro-
teins, Red1 and Mek1; Mek1 is a kinase that phosphor- matin silencing (San-Segundo and Roeder, 1999). All of
ylates Red1. In mutants that undergo checkpoint- these proteins are presumed to be involved in sensing
mediated pachytene arrest, Mek1 is active and Red1 or signaling defects in recombination and synapsis. Two
remains phosphorylated. Activation of Mek1 requires downstream targets of the pachytene checkpoint also
the initiation of meiotic recombination and certain DNA have been identified. The Swe1 kinase increases in
damage checkpoint proteins. Mek1 kinase activity and abundance and becomes hyperphosphorylated in re-
checkpoint-induced pachytene arrest are counter- sponse to pachytene checkpoint activation; Swe1 pre-
acted by protein phosphatase type 1 (Glc7). Glc7 coim- sumably phosphorylates and inactivates Cdc28 (Leu
munoprecipitates with Red1, colocalizes with Red1 on and Roeder, 1999). The transcription factor Ndt80 also
chromosomes, and dephosphorylates Red1 in vitro. is a target of the checkpoint: Ndt80-dependent activa-
We speculate that phosphorylated Red1 prevents exit tion of middle-sporulation genes is inhibited upon acti-
from pachytene and that completion of meiotic recom- vation of the pachytene checkpoint (Chu and Hersko-
bination triggers Glc7-dependent dephosphorylation witz, 1998; Hepworth et al., 1998).
of Red1. The meiotic chromosomal proteins Red1 and Mek1
also participate in the pachytene checkpoint. Deletion
of RED1 or MEK1 inactivates the pachytene checkpointIntroduction
and allows mutants such as zip1 to sporulate (Xu et al.,
1997). Overproduction of Red1 or Mek1 also bypassesProgression through the eukaryotic cell cycle must be
the pachytene checkpoint (J. M. B., A. V. Smith andtightly regulated in order to prevent chromosome loss or
G. S. R., submitted). The Red1 protein is a major compo-missegregation leading to aneuploidy and cell lethality.
nent of the chromosome axes that develop during meio-Checkpoints ensure the proper order of events in the
sis (Rockmill and Roeder, 1990; Smith and Roeder,cell cycle by causing the cycle to arrest or delay in
1997). Mek1 is a protein kinase that colocalizes withresponse to defects in critical cell cycle events (e.g.,
Red1 on meiotic chromosomes and phosphorylatesDNA replication) (Hartwell and Weinert, 1989). In this
Red1 (Bailis and Roeder, 1998; de los Santos and Hol-way, errors can be corrected and essential processes
lingsworth, 1999). Several observations suggest thatcan be completed before the next stage in the cell cycle
Mek1 and Red1 interact directly with each other. Theseis initiated. Compared to the mitotic cell cycle, meiosis
proteins coprecipitate and they interact in the two-requires special checkpoints. In particular, a checkpoint
hybrid protein system (Bailis and Roeder, 1998); further-must ensure that meiotic recombination and chromo-
more, phosphorylation of Red1 requires Mek1 (Bailissome synapsis are successfully completed before chro-
and Roeder, 1998; de los Santos and Hollingsworth,mosomes segregate at the first meiotic division (re-
1999). Mek1-dependent phosphorylation of Red1 isviewed by Roeder, 1997).
needed for wild-type levels of meiotic sister-chromatidThe pachytene stage of meiotic prophase is an impor-
cohesion and for proper chromosome synapsis (Bailistant control point in yeast because it is the last stage
and Roeder, 1998). Mek1 and Red1 become phosphory-before cells become committed to undergo meiotic
lated and localized to chromosomes during early meioticchromosome segregation (Esposito and Esposito, 1974;
prophase (leptotene/zygotene). Later in prophase, at theShuster and Byers, 1989). Mutants that sustain defects
end of pachytene or the beginning of diplotene, Red1in recombination and synapsis, such as zip1, arrest at
and Mek1 disassemble from chromosomes and appear
pachytene because the pachytene checkpoint is trig-
to become dephosphorylated. These observations raise
gered (reviewed by Roeder, 1997). In the zip1 mutant,
the possibility that the dissociation of Mek1 and Red1
from chromosomes and the exit from pachytene are
regulated by protein dephosphorylation.§ To whom correspondence should be addressed (e-mail: shirleen.
roeder@yale.edu). Here, we present evidence that protein phosphatase
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Figure 1. Glc7 Coprecipitates with Red1 and
Mek1
Glc7, Red1, and Mek1 were immunoprecipi-
tated from wild-type cell extracts prepared at
a time point when most cells are in pachy-
tene/diplotene. Anti-GFP antibodies copre-
cipitate Red1 (A) and Mek1 (B) from a strain
homozygous for Glc7-GFP (JM555) but not
from a wild-type strain in which Glc7 is un-
tagged (BR2495). Antibodies to Red1 (C) and
Mek1 (D) coimmunoprecipitate Glc7-GFP.
Mek1 appears as two bands representing the
phosphorylated (upper band) and unphos-
phorylated (lower band) forms of the protein.
Asterisk, IgG. Molecular weight markers are
indicated in kilodaltons (kDa) to the right of
each panel.
type 1, encoded by the GLC7 gene, counteracts Mek1 becomes more discontinuous (indicating that Red1 is
dissociating from chromosomes), Glc7 foci are detectedkinase activity and is required for exit from the pachy-
tene stage of meiotic prophase. Glc7 interacts with at a subset of the sites where Red1 remains (Figure 2B).
The average number of Glc7 foci observed per nucleusRed1, colocalizes with Red1 on chromosomes, and de-
phosphorylates Red1 in vitro, suggesting that the target is 18.5 6 11.5 (200 nuclei examined); 95% of Glc7 foci
colocalize with Red1 on chromosomes. There are usu-of Glc7 dephosphorylation is Red1. In certain check-
point mutants and in mutants that do not initiate meiotic ally at least twice as many Red1 foci as Glc7 foci on
each spread nucleus, suggesting either that Glc7 inter-recombination, Mek1 is inactive and Red1 does not be-
come phosphorylated. Our data suggest that Red1 be- acts with only a subset of Red1 foci or that the associa-
tion of Glc7 with Red1 foci is asynchronous. In spreadcomes phosphorylated in response to the initiation of
meiotic recombination and does not become dephos- nuclei prepared from time points in meiotic prophase
when Red1 has completely dissociated from chromo-phorylated until recombination is completed. We specu-
late that phosphorylated Red1 serves as a negative reg- somes, Glc7 foci are no longer observed (data not
shown).ulator of meiotic cell cycle progression.
Localization of Glc7 to chromosomes correlates less
well with the dissociation of Mek1 from chromosomes.Results
At pachytene, there are z40 Mek1 foci per spread nu-
cleus (Bailis and Roeder, 1998) but few or no Glc7 fociGlc7 Interacts with Red1 and Mek1
Two-hybrid protein analysis identified Red1 as a Glc7- (data not shown). As the number of Mek1 foci decreases,
indicating that Mek1 is dissociating from chromosomes,interacting protein (Tu et al., 1996), suggesting Glc7 as a
candidate for the Red1 phosphatase. To test interaction Glc7 foci localize to chromosomes; however, only 68%
of Glc7 foci on average overlap with Mek1 foci (200between Glc7 and Mek1 and to confirm the interaction
between Glc7 and Red1, coimmunoprecipitation experi- nuclei examined; data not shown). This represents a
partial colocalization between Glc7 and Mek1, since for-ments were carried out. The GLC7 gene was fused in-
frame with the gene encoding green fluorescent protein tuitous overlap between Glc7 and Mek1 foci is estimated
at #10% (Experimental Procedures). At later time points(GFP), and the resulting construct (GLC7-GFP) was inte-
grated into yeast at the GLC7 chromosomal locus. Anti- in meiosis, when Glc7 and Red1 have completely disso-
ciated from chromosomes, z16 Mek1 foci remain local-GFP antibodies were used to immunoprecipitate Glc7-
GFP and associated proteins from meiotic cell extracts ized to meiotic chromosomes (Bailis and Roeder, 1998;
data not shown). Thus, the timing and pattern of Glc7prepared from a GLC7-GFP strain and from a wild-type
strain (in which Glc7 is untagged). Both Red1 and Mek1 localization to meiotic chromosomes suggest that Red1,
rather than Mek1, is a target of Glc7.coimmunoprecipitate with Glc7-GFP (Figures 1A and
1B). Conversely, Glc7-GFP coprecipitates from meiotic
cell extracts with antibodies to either Red1 or Mek1 Glc7-Dependent Dephosphorylation of Red1
Glc7-dependent dephosphorylation of Mek1 and Red1(Figures 1C and 1D).
To test whether Glc7-GFP colocalizes with Red1 and was tested as follows. First, a gel mobility shift assay
was used to examine Mek1 and Red1 phosphorylationMek1 on chromosomes, meiotic chromosomes were
surface spread and then stained with antibodies to GFP in the glc7-T152K mutant, which fails to sporulate and
encodes a protein defective in interacting with Red1 (Tuand Red1 or GFP and Mek1. At mid-pachytene, when
Red1 localization is semicontinuous, little or no Glc7 is et al., 1996). Mek1 and Red1 were immunoprecipitated
from meiotic cell extracts prepared from wild-type anddetected on chromosomes (Figure 2A). However, at late
pachytene or early diplotene, as the amount of Red1 the glc7-T152K mutant and then analyzed by SDS-PAGE
and immunoblotting. In the glc7-T152K mutant, Red1localized to chromosomes decreases and Red1 staining
Dephosphorylation Signals Pachytene Exit
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Figure 2. Glc7 Colocalizes with Red1 and Dephosphorylates Red1
(A and B) Localization pattern of Glc7-GFP compared with Red1 in (A) a mid-pachytene nucleus and (B) a nucleus in late pachytene/early
diplotene prepared from strain JM555. Meiotic chromosomes in (A) and (B) are stained with anti-Red1 antibodies (i), anti-GFP antibodies (ii),
and DAPI (iv); merged images of Red1 and Glc7-GFP are shown in (iii); overlap appears yellow. Glc7-GFP foci are not detected in a wild-type
(untagged) strain (BR2495; data not shown). Scale bar, 2 mm.
(C) Red1 phosphorylation in pachytene arrest mutants. Red1 was coprecipitated from meiotic cell extracts prepared from wild-type (BR2495),
wild-type carrying MEK1-C on a multicopy plasmid (JM232), glc7-T152K (JM479), and red1::URA3 (MY231) using anti-Mek1 antibodies; Red1
protein was detected by SDS-PAGE followed by Western blot analysis with anti-Red1 antibodies. Meiotic cell extracts were prepared at 15
hr in meiosis (pachytene) for BR2495 and MY231 and at 24 hr (when most cells are arrested) for JM232 and JM479. Under the SDS-PAGE
conditions used, the Red1 protein resolves into multiple bands; the slower-migrating bands are due to phosphorylation (Bailis and Roeder,
1998; de los Santos and Hollingsworth, 1999).
(D) In vitro dephosphorylation of Red1 by Glc7. Red1 was immunoprecipitated from meiotic cell extracts prepared from a wild-type strain
(BR2495) and incubated in vitro with g32P-ATP. No Glc7 (lane 1), 0.1 mg of Glc7-GFP (lane 2), or 0.1 mg of Glc7-T152K-GFP (lane 3) was added
to the reaction; Glc7 proteins were isolated from meiotic cell extracts by immunoprecipitation with anti-GFP antibodies. Red1 protein analyzed
by 10% SDS-PAGE followed by autoradiography (top panel) and immunoblotting (bottom panel) is detected as a single band under the SDS-
PAGE conditions used. Molecular weight markers in (C) and (D) are indicated in kilodaltons (kDa) to the right of each panel.
and Mek1 remain phosphorylated (Figure 2C; data not not the mutant Glc7-T152K protein, dephosphorylates
Red1 in vitro (Figure 2D). Mek1 phosphorylation is notshown).
Since persistence of the phosphorylated forms of substantially decreased by incubation with Glc7 (data
not shown), suggesting that Glc7 does not dephosphory-Red1 and Mek1 could be due to cell cycle arrest rather
than to a requirement for Glc7 to dephosphorylate Red1 late Mek1, at least not under the in vitro conditions used.
or Mek1, in vitro dephosphorylation assays were carried
out. Mek1 and Red1 were immunoprecipitated from
Failure to Inactivate Mek1 and Dephosphorylatewild-type meiotic cells using anti-Mek1 antibodies and
Red1 Blocks Pachytene Exitthen labeled in vitro with g32P-ATP (Figure 2D). Radiola-
If dephosphorylation of Red1 or Mek1 is required forbeled immunoprecipitates were incubated with no Glc7,
exit from pachytene, then a mutant Mek1 protein thatwild-type Glc7, or mutant Glc7-T152K protein. The Mek1
is constitutively active might prevent cell cycle progres-and Red1 proteins were then analyzed by SDS-PAGE
sion. To test this idea, a Mek1 mutant protein (Mek1-C)followed by autoradiography and immunoblotting. De-
was constructed in which two putative phosphorylationphosphorylation was measured as a decrease in g32P-
ATP signal on an autoradiogram. Wild-type Glc7, but sites are changed to negatively charged amino acids.
Cell
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Table 1. Pachytene Arrest Bypassed by Glc7 Overproduction
Strain Relevant Markers Sporulation (%) Viability (%)
JM134 wild-type 1 vector 58 98
JM549 wild-type 1 Glc7-OP 52 98
JM377 wild-type 1 Mek1-C-OP 1 vector 0 ND
JM318 wild-type 1 Mek1-C-OP 1 Glc7-OP 46 96
JM560 gip1 1 vector 0 ND
JM561 gip1 1 Glc7-OP 43 95
JM49 zip1 1 vector 0 ND
JM483 zip1 1 Glc7-OP 45 50
JM159 dmc1 1 vector 4 10
JM546 dmc1 1 Glc7-OP 38 10
JM541 hop2 1 vector 0 ND
JM545 hop2 1 Glc7-OP 10 (delayed) ND
Sporulation was measured as the sum of the number of dyads, triads, tetrads, and cells containing incipient spores among the total cell
population. Sporulation was assessed after 2 days in sporulation medium for all strains except JM545, in which sporulation was observed
only after 6 days. Spore viability was determined from at least 48 tetrads per strain. ND, not determined. OP, overproduction.
In other protein kinases, mutation of these conserved in late pachytene or early diplotene with less Red1 asso-
ciated with chromosomes than at mid-pachytene (Fig-residues has generated constitutively active enzymes
(Huang and Erikson, 1994; Zheng and Guan, 1994). ure 3B).
As in the glc7-T152K mutant, Red1 remains phosphor-A multicopy plasmid bearing MEK1-C was trans-
formed into a wild-type yeast strain, and sporulation ylated in the MEK1-C mutant (Figure 2C). If exit from
pachytene is blocked in the MEK1-C and glc7-T152Kwas assayed in the resulting strain (JM232). In contrast
to the mek1 null mutant (JM82), which sporulates effi- mutants because Red1 cannot be dephosphorylated,
then introduction of a red1 null allele should suppressciently (Rockmill and Roeder, 1991; data not shown),
little or no sporulation occurs in a MEK1-C strain (Table the sporulation defects of these mutants. Consistent
with this explanation, the MEK1-C red1 (JM398) and1; data not shown). MEK1-C cells progress normally to
pachytene, with continuous Zip1 staining and semicon- glc7-T152K red1 (JM576) double mutants sporulate effi-
ciently (44% and 46%, respectively).tinuous Red1 staining along chromosomes (data not
shown). However, most MEK1-C cells arrest with dis-
continuous Zip1 staining and less continuous Red1 Gip1 Is Required for Pachytene Exit
The meiosis-specific Gip1 protein interacts with Glc7,staining than observed at mid-pachytene (Figure 3A;
data not shown). Anti-tubulin antibodies detect micro- and the gip1 mutant fails to sporulate (Tu et al., 1996).
To investigate whether Gip1 is required for exit fromtubule ªbushesº in spread nuclei prepared from the
MEK1-C mutant (Figure 3A), characteristic of duplicated pachytene, gip1 cells (JM478) were harvested at late
time points in meiosis, and chromosomes were surfacebut unseparated spindle pole bodies (Cao et al., 1990).
These results suggest that MEK1-C arrests in late pachy- spread and stained with antibodies to Red1 and tubulin.
gip1 cells arrest at late pachytene/early diplotene, withtene or early diplotene.
In vitro kinase assays were carried out to determine chromosome morphology similar to that of the MEK1-C
and glc7-T152K mutants (data not shown). Moreover,whether the Mek1-C protein displays kinase activity.
Wild-type Mek1 and the catalytically inactive Mek1- though Glc7 begins to localize to chromosomes by late
pachytene in wild-type, Glc7 fails to localize to chromo-D290A protein (Bailis and Roeder, 1998) were used as
controls. When Mek1 is immunoprecipitated from either somes in the gip1 mutant (data not shown). If the gip1
mutant arrests in late pachytene because Glc7 cannotwild-type or MEK1-C strains and then incubated in vitro
with g32P-ATP, several proteins that coprecipitate with localize to chromosomes, then overproduction of Glc7
might override the requirement for Gip1. OverproductionMek1 become phosphorylated, including Red1 (Bailis
and Roeder, 1998; Figure 3C). After 15 hr in sporulation of Glc7 increases sporulation in the gip1 mutant to 43%
(Table 1), indicating that excess Glc7 alleviates the re-medium, when most cells are in pachytene, the kinase
activity of Mek1-C appears similar to that of the wild- quirement for Gip1.
type Mek1 protein (Figure 3C). After 24 hr in sporulation
medium, when most MEK1-C cells are arrested (#10% Overproduction of Glc7 Bypasses MEK1-C
Pachytene Arrestsporulation), the kinase activity of Mek1-C persists (Fig-
ure 3C). In contrast, most wild-type cells have sporu- If the late pachytene/early diplotene arrest of the MEK1-C
mutant is due to persistence of Mek1 kinase activitylated by 24 hr, and little or no Mek1 protein is immuno-
precipitated from cell extracts (data not shown). (and continued phosphorylation of Red1), then overpro-
duction of Glc7 might bypass the arrest by inducingThe MEK1-C mutant arrests at late pachytene pre-
sumably because continuous Mek1 activity cannot be Red1 dephosphorylation. To test this idea, a wild-type
strain carrying MEK1-C on a multicopy plasmid wasefficiently counteracted. If Glc7-mediated dephosphor-
ylation of Red1 promotes exit from pachytene, then the transformed with a second multicopy plasmid bearing
either no insert or the GLC7 gene; sporulation was as-glc7-T152K mutant should arrest at the same stage of
the cell cycle as MEK1-C. Previous studies have shown sayed in the resulting strains. In the MEK1-C control
strain, 0% of cells sporulate (Table 1). In contrast, 46%that glc7-T152K strains fail to sporulate (Tu et al., 1996).
Cells from the glc7-T152K mutant, like MEK1-C, arrest of cells sporulate in a wild-type strain overproducing
Dephosphorylation Signals Pachytene Exit
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function depends on Mek1 kinase activity (Bailis and
Roeder, 1998), raising the possibility that Mek1-depen-
dent phosphorylation of Red1 leads to checkpoint-
mediated arrest. Consistent with this hypothesis, Red1
remains phosphorylated in the zip1 mutant, which ar-
rests at pachytene because of the checkpoint (Figure
4A). To test whether Glc7-dependent dephosphorylation
can inactivate the pachytene checkpoint, a multicopy
plasmid carrying the GLC7 gene was introduced into
several mutants that undergo checkpoint-mediated ar-
rest at pachytene. Overproduction of Glc7 improves
sporulation in the zip1, dmc1, and hop2 mutants (Table
1); thus, Glc7 activity can at least partially inactivate the
pachytene checkpoint.
Phosphorylation of Mek1 Depends on Rad17,
Rad24, and Mec1
Because the mitotic checkpoint proteins Rad17, Rad24,
and Mec1 are required for the pachytene checkpoint
(Lydall et al., 1996), the possibility that phosphorylation
of Mek1 depends on these checkpoint proteins was
tested. Mek1 phosphorylation correlates with its kinase
activity (Bailis and Roeder, 1998). Mek1 was immunopre-
cipitated from meiotic cell extracts prepared from wild-
type and various checkpoint mutants, and the Mek1
protein was analyzed by SDS-PAGE and Western blot-
ting. In wild-type, the Mek1 protein is detected as two
bands on a Western blot; the slower-migrating form of
Mek1 is due to phosphorylation (Bailis and Roeder,
1998). However, Mek1 is not phosphorylated in the
rad17, rad24, and mec1-1 mutants: only the faster-
migrating form of Mek1 is detected (Figures 4B and 4C).
As in the rad17 and rad24 single mutants, Mek1 does
not become phosphorylated in the zip1 rad17 and zip1
rad24 double mutants (Figure 4D). Mek1 also fails to
become phosphorylated in a dmc1 rad24 double mutant
(JM449; data not shown), indicating that this effect is not
specific to zip1. These results demonstrate that Rad17,
Rad24, and Mec1 are needed for phosphorylation of
Mek1. Red1 phosphorylation is Mek1 dependent (Bailis
and Roeder, 1998; de los Santos and Hollingsworth,Figure 3. MEK1-C Arrest Phenotype and Kinase Activity of the
Mek1-C Protein 1999; data not shown); accordingly, Red1 also is not
(A and B) Spread nuclei from (A) a wild-type strain overproducing phosphorylated in rad24, rad17, and mec1-1 strains
Mek1-C (JM232) and (B) the glc7-T152K mutant (JM479) stained (data not shown).
with antibodies to Red1 (red) and tubulin (green). Meiotic cells were If Red1 remains phosphorylated in zip1 cells, and
surface spread after 24 hr in sporulation medium, when most cells
Red1 fails to become phosphorylated in zip1 rad17 orare arrested. Scale bar, 2 mm.
zip1 rad24 double mutants, then expression of MEK1-C(C) In vitro kinase activity of Mek1-C. Anti-Mek1 antibodies were
might restore pachytene arrest in the double mutants byused to immunoprecipitate Mek1 and associated proteins from
mek1-D290A (JM191), wild-type (BR2495), and a mek1 null mutant inducing Red1 phosphorylation. To test this hypothesis,
carrying multicopy MEK1-C (JM598). At the 15 hr time point, most sporulation was assayed in a zip1 rad24 strain con-
cells are in pachytene. At the 24 hr time point, most MEK1-C cells taining MEK1-C. Whereas a zip1 rad24 strain carrying
have arrested at late pachytene. Immunoprecipitates were labeled
vector alone sporulates, little or no sporulation occurswith g32P-ATP in vitro and then analyzed by SDS-PAGE and autoradi-
in a zip1 rad24 strain carrying MEK1-C on a multicopyography. Several proteins are phosphorylated in vitro both by wild-
plasmid (Table 2). Expression of MEK1-C also restorestype Mek1 and by Mek1-C. Molecular weight markers are indicated
in kilodaltons (kDa). arrest to a zip1 rad17 double mutant (Table 2). Pachy-
tene arrest is not restored by overexpression of wild-
type MEK1 (Table 2). These results suggest that activa-
both Mek1-C and Glc7 (Table 1). Thus, Glc7 can function tion of Mek1 by the MEK1-C mutation restores arrest,
in opposition to Mek1 kinase activity. presumably by promoting Red1 phosphorylation.
Ddc1 and Mec3 Act Downstream of Mek1Glc7 Overproduction Inactivates
the Pachytene Checkpoint Phosphorylation in the Checkpoint Pathway
Mutation of DDC1 or MEC3 also promotes sporulationPrevious work has suggested that Mek1 and Red1 act
in the pachytene checkpoint (Xu et al., 1997). Checkpoint of zip1 (San-Segundo and Roeder, 1999; A. Hudson and
Cell
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G. S. R., unpublished data). However, Mek1 phosphory-
lation does not require DDC1 or MEC3 (Figure 4E). Con-
sistent with this observation, expression of MEK1-C fails
to restore arrest in ddc1 zip1 and mec3 zip1 double
mutants (Table 2). Taken together, these results suggest
that Ddc1 and Mec3 function after Mek1 phosphoryla-
tion in the pachytene checkpoint pathway.
Phosphorylation of Mek1 and Red1 Depends
on Meiotic Recombination
If Red1 phosphorylation is relevant to its role in monitor-
ing recombination, then phosphorylation of Mek1 and
Red1 might require the presence of recombination
structures. To test this possibility, Mek1 and Red1 phos-
phorylation was examined in the spo11 mutant, which
fails to make the double-strand breaks that initiate mei-
otic recombination (Cao et al., 1990). Mek1 and Red1
were immunoprecipitated from wild-type and the spo11
mutant, and these proteins were then analyzed by SDS-
PAGE and immunoblotting with appropriate antibodies.
Only the unphosphorylated forms of Mek1 and Red1 are
observed in the spo11 mutant (Figures 5A and 5B).
As an alternative approach, a spo11 mutation wastested
for its ability to alleviate arrest in either the MEK1-C
mutant or the glc7-T152K mutant. In both mutants, Red1
is phosphorylated at the arrest point, though presum-
ably for different reasons. In MEK1-C, Red1 remains
phosphorylated, whereas in glc7-T152K, Red1 cannot
be dephosphorylated. MEK1-C is not bypassed by
spo11, suggesting that a signal for arrest is still present.
However, a spo11 glc7-T152K double mutant (JM548)
sporulates to 53%, which is similar to the sporulation
of a wild-type strain (BR2495; 56%). In this case, since
Red1 never becomes phosphorylated, there is no need
to dephosphorylate Red1. These results suggest that
phosphorylation of Mek1 and Red1 occurs in response
to meiotic double-strand breaks or a later recombination
intermediate.
Discussion
Glc7 Activity Promotes Pachytene Exit
Current evidence strongly suggests that Glc7 functions
at the pachytene/diplotene transition of meiosis to pro-
mote desynapsis and pachytene exit. Certain glc7 mu-
tants fail to sporulate (Tu et al., 1996; Ramaswamy et al.,
Figure 4. Phosphorylation of Mek1 and Red1 Requires Checkpoint 1998), and the glc7-T152K mutant arrests at pachytene.
Proteins Glc7 localizes to chromosomes at the pachytene/diplo-
(A) Red1 was coprecipitated with anti-Mek1 antibodies from wild- tene transition of meiosis. Also, Glc7 overproduction
type (BR2495) and zip1::LEU2 (MY63). Anti-Mek1 antibodies were induces meiotic progression in mutants arrested at
used to precipitate Mek1 from extracts prepared from the following pachytene.
strains: (B) wild-type (BR2495); rad17::LEU2 (S3048); rad24::TRP1
The pachytene/diplotene transition may not be the(S3049); mek1::LYS2 (JM82); (C) wild-type (NKY291 3 NKY292);
only point in meiosis at which Glc7 functions. A numbermec1-1 (DLY506 3 DLY507); (D) wild-type (BR2495); zip1::LEU2
(MY63); zip1::LEU2 rad24::TRP1 (JM351); zip1::LYS2 rad17::LEU2 of glc7 mutants fail to sporulate, but some of these
zip1::LYS2 (JM375); and (E) wild-type (BR2495); mec3::TRP1 mutants do not undergo premeiotic DNA synthesis (Ra-
(S3047); ddc1::ADE2 (JM278). Mek1 and Red1 proteins were ana- maswamy et al., 1998), suggesting that cells arrest prior
lyzed by 10% SDS-PAGE followed by immunoblotting with appro- to pachytene. Other glc7 mutants undergo a single nu-
priate antibodies. The Mek1 band detected in the rad24 zip1 double
clear division to generate asci containing only twomutant immunoprecipitates (D) runs anomalously slow on the gel
spores, implying that Glc7 also functions in the comple-shown compared to other gels analyzed. Asterisk, IgG. Molecular
weight markers are indicated in kilodaltons (kDa). tion of the meiotic divisions or packaging of spores
(Ramaswamy et al., 1998). In contrast, Glc7 acts specifi-
cally at the metaphase/anaphase transition of the mi-
totic cell cycle. Mutation of glc7 triggers the spindle
Dephosphorylation Signals Pachytene Exit
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Table 2. MEK1-C Restores Pachytene Arrest in rad17 zip1 and rad24 zip1 Strains
Parent Strain Genotype 2m 2m MEK1 2m MEK1-C
MY63 zip1::LEU2 0.3 17 17
JM375 rad17::LEU2 zip1::LYS2 53 55 0
JM351 rad24::TRP1 zip1::LEU2 55 58 0
JM371 ddc1::ADE2 zip1::LEU2 66 63 65
JM359 mec3::TRP1 zip1::LEU2 56 58 53
Sporulation was measured as the sum of the number of dyads, triads, tetrads, and cells containing incipient spores among the total cell
population after 2 days in sporulation medium. All strains carry the wild-type MEK1 gene at the chromosomal MEK1 locus. In addition, each
strain carries a multicopy plasmid containing no insert, the wild-type MEK1 gene, or the MEK1-C mutant gene.
assembly checkpoint (Bloecher and Tatchell, 1999; Sas- pachytene. Overproduction of Glc7 counteracts the ar-
rest conferred by MEK1-C, suggesting that Glc7 is thesoon et al., 1999), apparently because the kinetochore-
phosphatase that opposes Mek1 kinase activity. Con-associated protein Ndc10 becomes hyperphosphory-
sistent with this view, the glc7-T152K and gip1 mutants,lated (Sassoon et al., 1999).
in which Glc7 is defective in interacting with Red1 (Tu
et al., 1996), arrest at the same stage of meiosis as
Glc7 Acts in Opposition to Mek1 MEK1-C.
Checkpoint-mediated pachytene arrest depends on Both Mek1 and Glc7 appear to function at the pachy-
Mek1 kinase activity. Either a mek1 null mutant or a tene/diplotene transition of meiosis; however, it is not
mek1 point mutant defective in kinase activity promote known which of these proteins is regulated at the transi-
sporulation of zip1 (Xu et al., 1997; Bailis and Roeder, tion. In principle, pachytene exit could result either from
1998). Conversely, the presumed constitutive kinase ac- a decrease in Mek1 activity or an increase in Glc7 activ-
tivity encoded by the MEK1-C mutant causes cells to ity. Glc7 activity might be controlled by altering its local-
arrest at late pachytene. These observations suggest ization to meiotic chromosomes, perhaps by modifying
that Mek1 functions at the pachytene/diplotene transi- its interaction with Gip1. Alternatively, Glc7 activity
tion of meiosis and that Mek1 kinase activity must be might be inhibited by the pachytene checkpoint. Mek1
counterbalanced in order for cells to progress out of activity might be downregulated at the end of pachytene
if the completion of recombination leads to the dissocia-
tion from chromosomes of proteins required for Mek1
activation (such as Rad24).
The observation that exit from pachytene requires de-
phosphorylation of Mek1 and Red1 contrasts with the
situation in rat spermatocytes. In this system, addition
of a phosphatase inhibitor induces pachytene exit. Fur-
thermore, the SC-associated proteins Syn1 and Cor1
become phosphorylated in vitro when incubated with
pachytene cell extracts (Tarsounas et al., 1999). These
observations suggest that phosphorylation of meiotic
chromosomal proteins, rather than dephosphorylation,
promotes pachytene exit (Tarsounas et al., 1999). Thus,
exit from pachytene may be regulated by different mech-
anisms in different organisms. Alternatively, pachytene
exit might require dephosphorylation of certain proteins
but phosphorylation of other proteins.
Red1 as a Target of Mek1 and Glc7
Red1 is a Mek1-dependent phosphoprotein (Bailis and
Roeder, 1998; de los Santos and Hollingsworth, 1999).
Several observations support the interpretation that
Red1 is a target of Glc7-dependent dephosphorylation
at the pachytene/diplotene transition of meiosis. Glc7
and Red1 interact in the two-hybrid protein system (Tu
et al., 1996), implying a direct interaction between these
proteins. Glc7 coimmunoprecipitates with Red1 and de-
Figure 5. Phosphorylation of Mek1 and Red1 Depends on Meiotic phosphorylates Red1 in vitro. Glc7 colocalizes with
Recombination Red1 at time points when Red1 dissociates from chro-
Anti-Mek1 antibodies were used to immunoprecipitate Mek1 and mosomes, and Glc7 is not associated with chromo-
coprecipitate Red1 from meiotic cell extracts prepared from wild-
somes when Red1 has completely dissociated fromtype (BR2495) and spo11::ADE2 (S2888). (A) Mek1 and (B) Red1
chromosomes. In the MEK1-C mutant, which arrests atproteins were detected by SDS-PAGE and immunoblotting with ap-
late pachytene, Red1 remains phosphorylated; overpro-propriate antibodies. Asterisk, IgG. Molecular weight markers are
indicated in kilodaltons (kDa) to the right of each panel. duction of Glc7 counteracts the arrest. Moreover, in a
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red1 mutant, neither MEK1-C nor glc7-T152K causes
arrest.
In principle, one or more other proteins could be the
target of Glc7-dependent dephosphorylation. Mek1 fails
to localize to chromosomes in the red1 mutant (Bailis
and Roeder, 1998); thus, if a protein other than Red1 is
normally phosphorylated by Mek1, this protein might
fail to be phosphorylated in the red1 mutant. Mek1 itself
might be a target of Glc7-dependent dephosphorylation.
However, it is difficult to reconcile this interpretation
with the observation that Glc7 overproduction bypasses Figure 6. Model for the Pachytene Checkpoint Pathway
the arrest conferred by MEK1-C, since Glc7 could not
See text for explanation.
act on the Mek1 residues altered by mutation. It is possi-
ble that Mek1 is phosphorylated at additional sites, in
which case Glc7-dependent dephosphorylation of these
(Leu et al., 1998; Leu and Roeder, 1999). Another possi-sites might account for the ability of Glc7 overproduction
bility is that Ddc1 and Mec3 regulate Glc7 and preventto suppress MEK1-C. However, Glc7-dependent de-
its activity when the pachytene checkpoint is activated.phosphorylation of Mek1 is not obvious in vitro. Also,
The observation that phosphorylation of Mek1 re-a significant amount of Mek1 remains associated with
quires Mec1 raises the interesting possibility that Mec1chromosomes after Glc7 is no longer detected on chro-
is the kinase that phosphorylates Mek1. Mek1 is highlymosomes; thus, Glc7-mediated dephosphorylation of
homologous to the Rad53 kinase (Cherry et al., 1998),Mek1 cannot account for the timing of Mek1 dissociation
which appears to function downstream of Mec1 in thefrom chromosomes. The Hop1 protein, an in vitro target
DNA damage checkpoint pathway (Sun et al., 1996).of Mek1 kinase activity (Bailis and Roeder, 1998), disso-
Both Mek1 and Rad53 contain a forkhead-associatedciates from chromosomes before late pachytene (Smith
domain, which may be involved in protein±protein inter-and Roeder), implying that pachytene exit does not nor-
actions (Sun et al., 1998). Thus, Mek1 may act as amally involve Hop1. Other targets of Mek1 kinase activity
meiosis-specific counterpart to Rad53 in the pachytenehave not been reported.
checkpoint.Gip1, a meiosis-specific protein that interacts with
Another difference between the DNA damage check-Glc7 (Tu et al., 1996), is a potential substrate of Mek1
point and the pachytene checkpoint is the requirementand Glc7. However, the observation that overproduction
for Swe1 (Leu and Roeder, 1999). It remains to be deter-of Glc7 alleviates the gip1 arrest suggests that Gip1 is
mined how Red1 phosphorylation leads to Swe1 accu-not a target of Glc7 at the pachytene/diplotene transi-
mulation and phosphorylation. One possibility is thattion. If so, then deletion of GIP1 should promote sporula-
Mec3 and Ddc1 activate Mec1 to phosphorylate Swe1,tion. Gip1 may serve as a regulatory subunit of Glc7 that
which stabilizes Swe1. Mec1 has multiple substrates inpromotes its localization to meiotic chromosomes in late
the DNA damage checkpoint pathway (Weinert, 1998).pachytene.
Checkpoint proteins were originally proposed to func-
tion only when the genome suffers damage or problems
in cell cycle progression are encountered (Hartwell andDifferences between the Pachytene Checkpoint
Weinert, 1989). However, more detailed analysis hasand the DNA Damage Checkpoint
revealed that mutations in some checkpoint genes canThe DNA damage checkpoint requires two groups of
also result in defects in cell growth and viability (re-proteins: Rad9, and the Rad24 group, comprised of
viewed by Weinert, 1998). This also appears to be theRad24, Rad17, Mec3, and Ddc1 (Lydall and Weinert,
case in meiosis: the mec1-1, rad17, and rad24 mutants1995; Longhese et al., 1997). Rad17, Mec3, and Ddc1
form a complex that is believed to function downstream exhibit reduced spore viability (Lydall et al., 1996), ele-
of Rad24 (Kondo et al., 1999). Given that the Rad24 vated ectopic recombination, and defective chromo-
group is also needed for the pachytene checkpoint (Ly- some synapsis (Grushcow et al., 1999). Mutation of the
dall et al., 1996; San-Segundo and Roeder, 1999; A. RED1 or MEK1 genes inactivates the pachytene check-
Hudson and G. S. R., unpublished data), we expected point (Xu et al., 1997) and also confers defects in recom-
these proteins to function together in meiosis as in mito- bination and synapsis (Rockmill and Roeder, 1990, 1991;
sis. However, though Rad17 and Rad24 are required Leem and Ogawa, 1992). Components of the checkpoint
for phosphorylation of Mek1, Ddc1 and Mec3 are not pathway thus appear to function during normal, unper-
required. This suggests that Ddc1 and Mec3 function turbed meiosis both in the development of meiotic chro-
at a different point in the pachytene checkpoint pathway mosomes and to monitor recombination (and possibly
than Rad24 and Rad17. also synapsis).
How might Ddc1 and Mec3 act during meiosis? Ddc1
and Mec3 may function as sensors or transducers of
protein phosphorylation, presumably Red1 phosphory- Phosphorylation as a Monitor
of Meiotic Recombinationlation. Ddc1 and Mec3 could also sense or transmit
signals other than phosphorylation of Red1: analysis Mutants that initiate but fail to complete meiotic recom-
bination exhibit checkpoint-mediated pachytene arrest,of the hop2 mutant has led to the suggestion that the
pachytene checkpoint responds to more than one signal but mutants that do not initiate recombination sporulate
Dephosphorylation Signals Pachytene Exit
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SphI-BamHI fragment of DDC1 in Bluescript with the HpaI-PstI frag-efficiently (reviewed by Roeder, 1997). Thus, the pachy-
ment of DDC1 replaced by the SmaI-PstI fragment of ADE2 fromtene checkpoint is not triggered by the absence of re-
pASZ11 (Stotz and Linder, 1990).combination. Instead, the initiation of recombination ap-
pears to generate an inhibitory signal that must be
Strains
eliminated before meiosis can progress (Xu et al., 1997). Yeast strains were constructed and maintained according to Sher-
Our data provide a molecular explanation for these ob- man et al. (1986). All strains except those carrying the mec1-1 muta-
servations. During a normal meiosis, Mek1 and Red1 tion are isogenic to the diploid strain BR2495 (Rockmill and Roeder,
1990). BR2495 has the following genotype: MATa/MATa his4-280/become phosphorylated and presumably remain phos-
his4-260 leu2-27/leu2-3,112 arg4-8/ARG4 thr1-1/thr1-4 cyh10/phorylated until meiotic recombination is completed.
CYH10 ade2-1/ade2-1 ura3-1/ura3-1 trp1-1/trp1-289.However, in mutants that fail to initiate recombination
BR2495 containing pJ110 is JM267. BR2495 containing pJ96 is
(such as spo11), Mek1 and Red1 do not become phos- JM549. BR2495 that is homozygous for GLC7-GFP at the GLC7
phorylated; thus, an inhibitory signal is never generated chromosomal locus is JM555. BR2495 homozygous for the glc7-
and need not be eliminated. T152K mutation is JM479. JM482 is BR2495 that contains pJ149.
BR2495 carrying pJ139 is JM232. JM555 and JM479 were con-Mek1 and Red1 may be more directly involved in
structed through two-step transplacement (Rothstein, 1991). JM134checkpoint signaling than originally anticipated (Xu et
is BR2495 carrying YEp352 (Hill et al., 1986). S2888 is homozygousal., 1997). We speculate that Mek1 and Red1 become
spo11::ADE2 (Smith and Roeder, 1997). JM547 is homozygous
phosphorylated in response to double-strand breaks spo11::ADE2 carrying pJ139. JM548 is homozygous spo11::ADE2
(and/or other recombination intermediates) and remain glc7-T152K. JM82 is BR2495 that is homozygous mek1::LYS2 (Bailis
phosphorylated until meiotic recombination is com- and Roeder, 1998). JM598 is JM82 carrying pJ139. JM191 is homo-
zygous mek1-D290A (Bailis and Roeder, 1998). MY231 is homozy-pleted (Figure 6). Successful completion of recombina-
gous red1::URA3 (Smith and Roeder, 1997). JM398 is homozygoustion then triggers Red1 dephosphorylation and exit from
for red1::ADE2 carrying pJ139. glc7-T152K red1::URA3 (JM576) waspachytene. If cells exhibit defects in recombination, con-
constructed by crosses between appropriate haploids.
tinued Red1 phosphorylation leads to activation of the Homozygous rad17::LEU2 (S3048), rad24::TRP1 (S3049), and
pachytene checkpoint. All mutants characterized to mec3::TRP1 (S3047) strains were constructed by A. Hudson (Yale
date that exhibit checkpoint-mediated pachytene arrest University). ddc1::ADE2 haploids, obtained from B. Rockmill (Yale
University), were mated to generate JM278. MY63 is homozygouscontain unresolved recombination structures (Storlazzi
zip1::LEU2 (Sym et al., 1993). MY63 containing YEp352 is JM49;et al., 1996; Schwacha and Kleckner, 1997; Xu et al.,
MY63 containing pJ96 is JM483. JM127 is homozygous dmc1::URA3,1997; Leu et al., 1998). The phosphorylation state of
and JM500 is homozygous hop2::LEU2 (J. M. B., A. V. Smith, and
Red1 may thus serve as a signal that coordinates meiotic G. S. R., submitted). JM127 carrying YEp351 is JM159; JM127 car-
recombination with meiotic cell cycle progression. rying pJ95 is JM546. JM500 containing YEp352 is JM541; JM500
carrying pJ96 is JM545. BR2495 homozygous for his3-1 and
gip1::HIS3 is JM499. JM499 carrying YEp352 is JM560, and JM499Experimental Procedures
carrying pJ96 is JM561. Gene disruptions were confirmed by South-
ern blot analysis (Southern, 1975).Plasmids
To generate zip1 checkpoint double mutant strains, haploidPlasmid constructions were performed by standard methods (Sam-
strains containing checkpoint mutations were transformed withbrook et al., 1989) using the XL1-Blue bacterial strain (Stratagene).
pMB97 (zip1::LEU2; Sym et al., 1993), and the appropriate haploidsSequence from S. cerevisiae chromosome II, containing the GLC7
were then mated. JM351 is homozygous zip1::LEU2 rad24::TRP1.gene, was amplified by PCR from l clone 70501 (ATCC). The re-
JM371 is homozygous zip1::LEU2 ddc1::ADE2. JM359 is homozy-sulting PCR product was cut with HindIII and XhoI and ligated into
gous zip1::LEU2 mec3::TRP1. JM449 is homozygous dmc1::LEU2the HindIII-SalI sites of YEp352 (Hill et al., 1986) to create pJ96 or
rad24::TRP1. Wild-type, spo11, checkpoint single mutants and zip1YEp351 to create pJ95. The Nde1(filled in)-XbaI fragment of pCB431
checkpoint double mutants were transformed with YEp352, pB133,containing GFP (Bailis and Roeder, 1998) was ligated into pJ96 cut
or pJ139. Strains DLY506 and DLY507 (Lydall et al., 1996) containwith StyI(filled in)-XbaI to construct the GLC7-GFP fusion plasmid
the mec1-1 mutation in the SK-1 strain background. Wild-type SK-1J110. The HindIII-BamHI fragment containing GLC7-GFP from pJ110
haploids are NKY291 and NKY292 (Alani et al., 1987). JM375, homo-was then inserted into pRS306 (Sikorski and Hieter, 1989) to gener-
zygous for zip1::LYS2 rad17::LEU2, was constructed by crossesate pJ130. pJTL18T152K contains the glc7-T152K mutation within
between rad17::LEU2 and zip1::LYS2 haploids (provided by S. Agar-the GLC7 sequence (Tu et al., 1996). pJTL18T152K was amplified
wal, Yale University). Wild-type or mec1-1 SK-1 haploids were matedby PCR and used to construct a plasmid, designated pJ149, that
and then transformed with YEp352, pB133, or pJ139.is identical to pJ110 except for the glc7-T152K mutation. The HindIII-
BamHI fragment containing glc7-T152K from pJTL18T152K was in-
Immunoprecipitation and Immunoblottingserted into YIp5 to create pJ147; HindIII was used to target GLC7
Preparation of meiotic cell extracts and immunoprecipitations wereplasmids into yeast. The gip1::HIS3 disruption plasmid is pJT26-
carried out as described (Bailis and Roeder, 1998). Immunoprecipi-HIS (Tu et al., 1996).
tated proteins were separated by 10% SDS-PAGE for 16 to 20 hrThe MEK1-C mutant, which contains mutations that change amino
at 20 volts (Figures 1B, 2C, 4, and 5) or for 3 hr at 100 volts (Figuresacids 327 and 331 from threonine to glutamic acid, was constructed
1A, 1C, 1D, 2D, and 3C). For immunoprecipitation and immunoblot-through PCR mutagenesis as described (Bailis and Roeder, 1998)
ting, rabbit anti-Mek1 antibody was used at 1:100 dilution, and rabbitand confirmed through sequencing. The PCR product was cut with
anti-Red1 antibody (Smith and Roeder, 1997) was used at 1:200NsiI and HpaI and substituted into pB124 (Rockmill and Roeder,
dilution. Rabbit anti-GFP (Clontech) was used at a 1:100 dilution1991). The EcoRI-SalI MEK1 fragment containing the mutations
for immunoprecipitation, and mouse anti-GFP antibody (Chemicon)was ligated into YEp352, generating pJ139. Plasmids containing
was used at a 1:100 dilution for Western blot analysis.MEK1-C are unstable in E. coli; therefore, transformants must be
single-colony purified, and plasmid DNA must be verified by restric-
tion digestion before transformation into yeast. pB133 is the wild- Phosphatase Assay
Meiotic cell extracts were prepared from wild-type strains overpro-type EcoRI-SalI MEK1 fragment from pB124 in the EcoRI-SalI sites
of YEp352. ducing either Glc7-GFP or Glc7-T152K-GFP using the method of
Sun et al. (1996). Anti-GFP antibodies (used at 1:100 dilution) werePlasmids DL183, C225, and ML54 contain the rad17::LEU2,
rad24::TRP1, and mec3::TRP1 disruptions, respectively (Lydall and used to immunoprecipitate either Glc7-GFP or Glc7-T152K-GFP,
and then the protein was eluted using 0.25 M glycine-HCl followedWeinert, 1997). pB219, constructed by Beth Rockmill, contains the
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by neutralization with 1 M potassium phosphate (pH 9.0). Protein Bradford, M. (1976). A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of pro-levels were quantitated using a Bradford assay (Bradford, 1976);
Coomassie blue staining and immunoblotting indicate that Glc7- tein-dye binding. Anal. Biochem. 72, 248±254.
GFP or Glc7-T152K-GFP is the predominant protein present in the Cao, L., Alani, E., and Kleckner, N. (1990). A pathway for generation
immunoprecipitates (data not shown). and processing of double-strand breaks during meiotic recombina-
Mek1 and Red1 were immunoprecipitated from meiotic cell ex- tion in S. cerevisiae. Cell 61, 1089±1101.
tracts using anti-Mek1 antibodies as described (Bailis and Roeder, Cherry, J.M., Adler, C., Ball, C., Chervitz, S.A., Dwight, S.S., Hester,
1998). Immunoprecipitates were then incubated with g32P-ATP in an E.T., Jia, Y., Juvik, G., Roe, T., Schroeder, M., et al. (1998). SGD:
in vitro kinase reaction (Bailis and Roeder, 1998). After 20 min of Saccharomyces genome database. Nucleic Acids Res. 25, 73±79.
incubation with g32P-ATP, 0.1 mg of Glc7-GFP or Glc7-T152K-GFP
Chu, S., and Herskowitz, I. (1998). Gametogenesis in yeast is regu-was added to the reaction, and incubation was continued for 10
lated by a transcriptional cascade dependent on Ndt80. Mol. Cellmin. Immunoprecipitates were then washed once with buffer (10
1, 685±696.mM Tris and 250 mM NaCl [pH 7.8]) and collected by centrifugation.
de los Santos, T., and Hollingsworth, N.M. (1999). Red1p, a MEK1-Proteins were analyzed by 10% SDS-PAGE, autoradiography, and
dependent phosphoprotein that physically interacts with Hop1p dur-immunoblotting as described (Bailis and Roeder, 1998).
ing meiosis in yeast. J. Biol. Chem. 274, 1783±1790.
Esposito, R.E., and Esposito, M.S. (1974). Genetic recombinationCytology
and commitment to meiosis in Saccharomyces. Proc. Natl. Acad.Spread meiotic nuclei were prepared and stained with antibodies
Sci. USA 71, 3172±3176.as described (Bailis and Roeder, 1998). Chromosomes were stained
Grushcow, J., Holzen, T., Park, K.J., Weinert, T., Lichten, M., andwith mouse anti-GFP antibody at 1:200 dilution (Chemicon), and
Bishop, D.K. (1999). S. cerevisiae checkpoint genes MEC1, RAD17,either rabbit anti-Red1 antibody at 1:100 dilution (Smith and Roeder,
and RAD24 are required for normal meiotic recombination partner1997) or rabbit anti-Mek1 antibody at 1:40 dilution (Bailis and
choice and synapsis. Genetics 153, 607±620.Roeder, 1998). Chromosomes were stained with DAPI to visualize
chromatin. Fortuitous overlap was assessed as described (Bailis Hartwell, L.H., and Weinert, T.A. (1989). Checkpoints: controls that
and Roeder, 1998). Glc7 localization was examined both in a strain ensure the order of cell cycle events. Science 246, 629±634.
carrying a multicopy plasmid bearing GLC7-GFP and in a strain Hepworth, S.R., Friesen, H., and Segall, J. (1998). NDT80 and the
homozygous for GLC7-GFP integrated at the GLC7 chromosomal meiotic recombination checkpoint regulate expression of middle
locus. The Glc7 localization pattern is similar in the two strains (data sporulation-specific genes in Saccharomyces cerevisiae. Mol. Cell
not shown). Biol. 18, 629±634.
Hill, J.E., Myers, A.M., Koerner, T.J., and Tzagoloff, A. (1986). Yeast/
Sporulation and Nuclear Division E. coli shuttle vectors with multiple unique restriction sites. Yeast
At least three independent transformants of each strain were grown 2, 163±167.
to saturation in 23 synthetic complete medium lacking leucine or Huang, W., and Erikson, R.L. (1994). Constitutive activation of Mek1
uracil and then diluted 1:1 with YPAD and grown for an additional by mutation of serine phosphorylation sites. Proc. Natl. Acad. Sci.
10 hr. Then, 1.5 ml of each culture was collected and resuspended USA 91, 8960±8963.
in 10 ml of sporulation medium (2% potassium acetate). Sporulation
Kondo, T., Matsumoto, K., and Sugimoto, K. (1999). Role of a com-was assayed by light microscopy, and nuclear division was analyzed
plex containing Rad17, Mec3, and Ddc1 in the yeast DNA damageby staining cells with DAPI. In experiments not presented here,
checkpoint pathway. Mol. Cell Biol. 19, 1136±1143.strains carrying the multicopy MEK1-C plasmid show variable
Leem, S.H., and Ogawa, H. (1992). The MRE4 gene encodes a novelamounts of sporulation ranging from zero to z20%.
protein kinase homologue required for meiotic recombination in
Saccharomyces cerevisiae. Nucleic Acids Res. 20, 449±457.
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